Abstract. The property measurements of the recently discovered boson at a mass around 125 GeV confirm that it is compatible with the Higgs boson predicted by the Standard Model. Since the discovery and the first property measurements were performed using the bosonic decay channels, it is particularly important to observe and measure the Higgs boson using the fermionic decay channels. We present a review of the searches for the Higgs boson decaying to a pair of τ -leptons, muons, and b-quarks with the ATLAS experiment using LHC Run 1 full dataset.
Introduction
In July 2012, the ATLAS [1] and CMS [2] experiments announced the discovery of a new boson at a mass of around 125 GeV [3, 4] . The compatibility of this boson with the Standard Model (SM) prediction was confirmed by measuring properties such as spin, parity, and signal strength at the measured mass using bosonic decay channels, namely H → γγ, ZZ * , and W W * , thanks to their clean signatures in the final state. In order to fully determine whether this is the SM Higgs boson, it is crucial to observe and measure the Higgs boson using also fermionic channels. In this proceedings article, we report the current status of these searches with the ATLAS experiment. H → τ τ , µµ, and bb searches are reviewed in section 2, 3, and 4, respectively. These searches are performed using the full ATLAS dataset recorded in LHC Run 1. The integrated luminosity collected in the year 2011 (2012) is 4.6 (20.3) fb −1 at a center-of-mass energy of 7 (8) TeV * .
H → τ τ
In this section, the search for H → τ τ decays is summarized [5] . The branching ratio (BR) of H → τ τ is 6.3% at m H = 125 GeV, due to the relatively high mass of the τ -lepton (m τ = 1.78 GeV). Because of the presence of undetected neutrinos produced by the τ -decays, the invariant mass of the visible decay components is smaller than the actual τ τ invariant mass (m τ τ ). To reconstruct m τ τ correctly, the missing mass calculator (MMC) is employed. The MMC scans through the τ -lepton decay probability density functions using the reconstructed E miss T and visible τ -lepton mass and then calculates the most likely τ τ invariant mass (m MMC τ τ ).
Event selection and categorization
Since τ leptons decay either leptonically or hadronically, the analysis is split into three channels, which are τ lep τ lep , τ lep τ had , and τ had τ had where τ lep is a leptonic τ -decay object (τ → ν τ ν with = e, µ) and τ had is a hadronic τ -decay object (τ → ν τ hadrons).
The BRs for τ lep τ lep , τ lep τ had , and τ had τ had are 12.4%, 45.6%, and 42%, respectively. Across all three channels, the dominant and irreducible background is (Z → τ τ )+jets, which is estimated with τ -embedding techniques * . Other background processes, depending on the channels and categories, are top quark production, diboson production, and fakes of leptons or hadronic τ -decays mainly caused by W +jets or multijet events (see Fig 1) .
Events are primarily selected by dilepton, single lepton, and di-hadronic tau triggers for τ lep τ lep , τ lep τ had , and τ had τ had channels, respectively. Since the charge information of the τ -lepton is always inherited by its decay product(s), the analysis requires opposite charges for the decay objects of τ -pairs. For the channels involving τ lep , isolation requirements on electrons or muons are applied, which are dependent on the center-of-mass energy and pileup conditions. To suppress the tt background contributions, events with b-tagged jets † with |η jet | < 2.5 are rejected in the τ lep τ lep and τ had τ had channels.
τ lep τ lep : Events with exactly two isolated leptons are selected. No additional τ had or τ lep candidates are allowed. The lepton isolation requirement for both leptons reduces the multijet background contribution in this channel.
τ lep τ had : Events with exactly one isolated lepton and exactly one τ had candidate are selected. To reduce the W +jets background, a selection on the transverse mass is applied, m T ( , E miss T ) < 70 GeV. τ had τ had : In the τ had τ had channel, τ had isolation is required. One isolated medium and one isolated tight τ had candidates are required in an event with E miss T > 20 GeV. Events with electron or muon candidates are rejected. To suppress the main multijet background in this channel, selections are applied on angular separation variables such as ∆R(τ had , τ had ) and ∆η(τ had , τ had ).
The search is targeted at two production processes of the Higgs boson, which are vector boson fusion (VBF), and gluon fusion (ggH) which is targeted by the Boosted category, where the Higgs boson has p H T > 100 GeV. Events are first required to pass the pre-selections before the selections of those VBF and Boosted categories. The VBF category provides the best sensitivity because of the very discriminative event topology in which two high p T jets have a large pseudo-rapidity separation (∆η(j 1 , j 2 ), see Fig 1) . Therefore, events failing to be classified in the VBF category are considered as candidates for the Boosted category.
Multivariate analysis and global likelihood fit
To improve the separation between the signal and background, various kinematic properties are combined together with m MMC τ τ by boosted decision trees (BDT). In addition to the simulated samples, some data driven samples are also used for the backgrounds. The BDTs are trained in six categories, which consist of τ lep τ lep , τ lep τ had , and τ had τ had channels in each of the Booosted and VBF categories. The number of input variables used in these BDTs varies from 5 to 9 depending on the category. These variables describe kinematic properties of the τ τ system and jet properties especially in the VBF category. Examples of these input variables are shown in Fig 1. Figure 2 shows the BDT output distributions in the most sensitive channel, τ lep τ had , in the VBF and Boosted categories separately.
The signal strength µ is extracted from a simultaneous maximum-likelihood fit to the BDT discriminants in the six categories. To constrain the background contributions, this fit is performed also on the event yields in dedicated control regions (CR) for the specific backgrounds in each category. For the τ lep τ lep and τ lep τ had channels, Z → τ τ -enriched, Z → -enriched, fake-enriched, and top CRs are defined. A 'rest' category is defined for the τ had τ had channel, where the events pass the pre-selection but not the VBF or Boosted selection. In the τ had τ had * The shape of the (Z → τ τ )+jets is estimated from (Z → µµ)+jets in data, where muons are replaced with simulated τ -decays. † Jets identified as originating from b-quark fragmentation by MV1 b-tagging algorithm [6, 7] . The operating point used in this search provides 60-70% efficiency for b-jets in simulated tt events. > 150 GeV) are also used to constrain the backgrounds. Figure 3 shows the combined results from all the analysis categories. An excess over the SM background prediction is observed. The extracted signal strength with the global maximumlikelihood fit is µ = 1.43
Results
−0.25 (syst.) ± 0.09(theo.) for m H = 125.36 GeV. The dominant sources of systematic uncertainties are energy scales of the jets and τ had , identification of τ had , and background normalization. The probability p 0 of obtaining a result at least as signal-like as observed in data without signal presence is calculated. For m H = 125.36 GeV, the observed p 0 value is 2.7 × 10 −6 , which corresponds to a 4.5σ deviation from the background only hypothesis, 
H → µµ
This section reviews the search for H → µµ decays [8] . This decay channel is particularly important to measure the Higgs-lepton second generation couplings. In the SM, the BR of H → µµ is 0.02% at m H = 125 GeV due to the light muon mass. It suffers from the overwhelming and irreducible Drell-Yan background. The analysis focuses on the search for a narrow resonance, exploiting the very high resolution of the µµ invariant mass (m µµ ). The dominant background in this search is Z * /γ → µµ production, followed by smaller backgrounds from single and pair production of the top quarks and diboson processes.
Event selection, categorization and modeling
The trigger used for this search is a combination of single muon and dimuon triggers. The events are required to have two oppositely charged isolated muons with p T > 15 GeV, where at least one muon must have p T > 25 GeV. All muon candidates are required to be within |η| < 2.5. To suppress the tt and diboson background processes, E miss T < 80 GeV is required. After the pre-selection described above, the categorization is performed for VBF and ggH to maximize the sensitivity. As for the H → τ τ search presented in Sec. 2, events are first checked for the VBF category, then for ggH category. In the VBF category, at least two jets are required with ∆η(j 1 , j 2 ) > 3 and m(j 1 , j 2 ) > 500 GeV. In the ggH category, the events are further divided into six categories depending on |η µ | and transverse momentum of the Higgs boson candidate (p 
Results
The observed data are consistent with the expected backgrounds and no excess is observed. For m H = 125.5 GeV, the observed (expected) limit on the signal strength at 95% CL limit is 7.0 (7.2) times the SM prediction. Under the assumption of m H = 125.5 GeV with the SM production cross section, the 95% CL upper limit on the H → µµ BR is 1.5 × 10 −3 . The search is limited by the statistics.
H → bb
This section presents the search for H → bb decays [9] . H → bb has the largest BR of 58% at m H = 125 GeV. In this decay channel, VBF and ggH production modes are overwhelmed by b-quark pair production at the LHC. Therefore, the analysis focuses on the V H production (V H → V bb) mode where the associated vector boson (V ) provides a clear tag for the search.
Event selection and categorization
According to the number of leptons in the final state the search is split into three channels of 0-lepton, 1-lepton, and 2-lepton, targeting ZH → ννbb, W H → νbb, and ZH → bb processes ( = e, µ), respectively. A further categorization is performed in this search based on the p T of the vector boson, defining low and high p V T intervals with a boundary at 120 GeV. The dominant background for this search is V + jets events, especially the V + heavy flavor jets which remain after b-tagging requirements. Diboson (V Z) production generates almost the same event 
Multivariate analysis and fit model
Similarly to the H → τ τ search, BDTs are constructed for 10 categories of signal regions in 0-, 1-, and 2-lepton channels, 2 and 3-jet bins, and low and high p V T categories †. Depending on the category, additional kinematic properties and b-jet properties are used to build BDTs together with the most important variable m bb . Figure 5 shows the BDT output distributions in the most sensitive regions of the search.
Multijet backgrounds are estimated using data, since they cannot be estimated with simulated events. In the 0-lepton channel, multijet background is estimated using the so-called "ABCD method" using min[∆φ(E miss T , jet)] and ∆φ(E miss T , p miss T ). In the 1-lepton channel, the multijet fit is performed on the E miss T distribution using a CR defined by loosened lepton isolation requirements. In the 2-lepton channel, multijet background is also estimated with the fit to m using a CR defined in similar way to the 1-lepton channel by loosened lepton isolation and identification criteria.
The signal strength µ is extracted by a maximum-likelihood fit to the BDT distributions in the 24 2-tag signal regions defined by three lepton channels, up to two p V T intervals, the two number of jet bins, and b-tagging categories. In the 0 and 2-lepton channels, the TT and MM b-tagging categories are merged while they are kept separated in the 1-lepton channel. In the 1-lepton channel, the 2-tag signal regions in the 3-jet bin effectively play the role of CRs because tt background dominates these regions. The b-tagging discriminant, M V 1c, is used in the global fit in the 11 1-tag CRs for three lepton channels, two jet bins, and two p V T intervals. This particularly improves the normalization of the V + light flavor jets backgrounds. Figure 6 shows the combined results from all the analysis categories. An excess is observed (expected) at the 1.4σ (2.6σ) level over the background-only hypothesis. The measured signal strength is µ V H = 0.52 ± 0.32(stat.) ± 0.24(syst.) for m H = 125.36 GeV. The dominant sources of systematic uncertainties are shape and normalization modelings of the V + heavy flavor jets background.
Results
Two cross-checks are performed using the V Z and dijet mass analyses in 8 TeV data. For the cross-check with V Z, a BDT is trained for V Z signal events instead of V H signals. The measured signal strength is µ V Z = 0.77 ± 0.10(stat.) ± 0.15(syst.), which is consistent with the SM. The cross-check with the dijet mass analysis is done by performing a fit to the m bb distribution rather than to the BDT discriminant. In this cross-check, the selections are tighter, with finer p V T intervals (see Fig 6) . The measured signal strength of the Higgs boson signal is µ V H = 1.23 ± 0.44(stat.) ± 0.41(syst.). The observed (expected) significance of an excess over the background-only hypothesis is 2.2σ (1.9σ) in the dijet mass cross-check. Figure 7 shows the signal strength measured separately in 7 and 8 TeV data as well as in the three lepton channels for the combined sample.
Summary
Higgs boson searches in decay channels to τ τ , µµ and bb, performed in the ATLAS experiment, are presented. Direct evidence of H → τ τ is observed. The H → µµ search is not sensitive yet because of the limited data statistics. However, the result confirms non-universal couplings of H → as predicted by the SM. An excess with 1.4σ significance is observed in the V H → V bb search. Overall, all the results are compatible with the SM predictions. The LHC Run 2 will provide data with an increased center-of-mass energy of 13 TeV in 2015 and at higher luminosity, which will allow for more precise studies of the Higgs boson properties in fermionic decay channels. [9] .
